Seasonal shell growth, reproduction and mortality of the egg cowry Ovula ovum were studied from
INTRODUCTION
Soft corals, distributed mainly in tropical and temporal areas, frequently have sclerites as well as other anti-predation substances that are effective against predators (Fabricius & Alderslade, 2001 ). However, some specialist predators, such as ovulid gastropods, damselfish and butterflyfish (Birkeland & Gregory, 1975; Coll et al., 1983; Ruesink & Harvell, 1990; Fabricius & Alderslade, 2001) , have evolved the ability to break down particular toxins by metabolic processes. These predators are believed to affect the structure and biodiversity of their community (Begon, Harper & Townsend, 1990) . Feeding by the ovulids Cyphoma gibbosum (Birkeland & Gregory, 1975; Harvell & Suchanek, 1987; Chiappone et al., 2003) and C. signatum (Ruesink & Harvell, 1990 ) has been shown moderately to impact gorgonacean populations. However, Burkepile & Hay (2007) have suggested that predators (such as fish and crabs) suppress C. gibbosum populations and that overfishing of these predators could release C. gibbosum from top-down control, which will subsequently result in increased damage to gorgonaceans.
The ovulid egg cowry Ovula ovum is a well-known gastropod with a wide distribution in the western Pacific and Indian Oceans (Abott & Dance, 1985) . Research on O. ovum has focused on taxonomy (e.g. Abott & Dance, 1985; Okutani, 2000) , anthropology (e.g. Safer & Gill, 1986; Shirai, 1997) and recently phylogeny (Meyer, 2004; Schiaparelli et al., 2005) . However, ecological studies of O. ovum have not yet been conducted, although O. ovum may potentially have an important predatory role on alcyonacean corals similar to that of C. gibbosum and C. signatum on gorgonaceans (Birkeland & Gregory, 1975; Harvell & Suchanek, 1987; Ruesink & Harvell, 1990; Chiappone et al., 2003; Burkepile & Hay, 2007) .
In this work, I have investigated seasonal shell growth, reproduction and mortality of O. ovum in southern Kyushu, Japan, near the northern margin of its geographical distribution. I also discuss the life history traits of O. ovum in comparison with other ovulid gastropods.
MATERIAL AND METHODS

Study area
This study was carried out from May 2004 to October 2006 at a small cove in Bonotsu (31815'N, 130813'E), Minami-Satsuma City, Kagoshima, southern Japan; this is near the Kii Peninsula, Wakayama, Japan, which is believed to be the northern geographical distribution margin of Ovula ovum (Okutani, 2000) . All observations were carried out by SCUBA-diving during the day. The size of the cove is approximately 100 m by 50 m. The substrate consists of small boulders and sand and was covered with many soft corals (mainly Sinularia and Lobophytum species). However, very few soft corals were observed at the outer edges of the cove. The large population of soft corals in this area sometimes had a negative effect on observations as small egg cowries frequently inhabited the space beneath the soft corals (Fig. 1A) and it was often difficult to find all of the potentially present egg cowries. I took special care to search for small cowries, but a negative effect may still have remained. Wave action at the study area is insignificant during most of the year, except during occasional typhoons. The ocean temperature at the bottom (about 5 m depth) was recorded during each dive from May 2004 to October 2006. Average monthly water temperature ranged from 168C in March to 288C in September ( Fig. 2A) 
Shell growth and mortality
To study shell growth, observations were carried out in the cove from one to four times a month from May 2004 to October 2006 (except September 2005 . The shell lengths of all observed cowries were measured to the nearest 0.1 mm with calipers. Empty shells were collected and counted as a dead cowries for determining the period and rate of mortality. Usually such shells were intact, but fragments of shells were also sometimes observed on the substratum, which may have been crushed by a predator. If I was able to reform the original shell shape from the crushed shell pieces (Fig. 1B) , I collected the fragments and counted them as one empty shell. To calculate a rough mortality rate, I compared two periods: (1) 1 day of November when the highest number of live cowries was observed, just before the observed high mortality period (December-May, see Results); and (2) 1 day in the high mortality period when the lowest number of live cowries was observed.
To study the weekly shell growth rate, a mark-recapture method was used from May 20 to July 9, 2005. Six cowries were selected (from 4.15 to 8.81 cm shell length). In life the shell is usually covered by the mantle, which is black with scattered white dots (Fig. 1C) . However, the mantle of each cowry has a slightly different dot pattern. During each observation, photographs of the mantle surface were taken to identify each individual, and each cowry was reidentified from the photograph taken the previous week, and subsequently measured in the field to the nearest 0.1 mm using calipers.
Reproductive activity
The numbers of copulating pairs and brooding cowries were counted in from May 2004 to October 2006. A pair was determined to be copulating pair if one cowry (male) was observed attached to the top of another cowry (female) and if the penis of the male was introduced into the partner's mantle cavity. A cowry was determined to be brooding if the cowry was on newly produced egg capsules. The shell lengths of all copulating and brooding cowries were measured to the nearest 0.1 mm with calipers. (Fig. 2B) . The number then continuously increased until October 2005 and decreased until July 2006. As previously mentioned, living egg cowry shells are usually covered by the mantle; however, living cowries with shells not covered by the mantle were frequently observed during the cold ocean temperature period. Additionally, shells of living animals were also sometimes partially broken (Fig. 1D) . Empty shells were frequently observed (total 28) from December to May and the highest numbers were in April 2005 and March 2006. As shells were collected during each observation, their numbers may be a least estimate of mortality. The highest numbers of live cowries were before the high mortality periods (DecemberMay), and occurred on mortality rate was 67.5%. Fragments of shells, which may have been crushed by predators (see above), but could be remade into their original shape (Fig. 1B) , were observed four times during this period, although there was no observation as to which predator(s) were responsible. Mortality caused by predators was not high (4/28 ¼ 14.3%).
RESULTS
Shell growth and mortality
The size distributions of the shells are shown in Figure 3 . Cowries with shell lengths from 7 to 9 cm were dominant for most months. Small cowries (,7 cm shell length) were observed mainly from March to November. For example, two small peaks (of 0 -1 and 3-4 cm size classes) were observed in May and June 2005. Smaller size classes increased following the progression of the seasons (May: 0-1 cm, June: 0-1 cm, July: 1 -4 cm, August: 4-6 cm, October: 5-6 cm). The larger size classes (3-4 cm in May) may have grown into size classes above 7 cm by August.
Mark-recapture observations showed rapid weekly growth of smaller cowries (4-5 cm shell length), although bigger cowries (.7.1 cm shell length) did not grow during this period (Fig. 4) . The shell length of one cowry (7.1 cm shell length on May 20) was observed to decrease between May 20 and June 6. This may have been caused by mismeasurement as the value increased again the following week. The average weekly growth rate of smaller cowries (,7 cm shell length) was 2.84 mm/week.
Reproductive season and size
Reproductive activities (copulation and brooding) were observed throughout most of the year except during March and April (Fig. 2C) The shell lengths of brooding females, and of copulating pairs (females and males) in all reproductive periods ranged from 7.46 to 9.01 cm (8.14 + 0.40 cm: mean + SE), from 7.21 to 9.30 cm (8.17 + 0.49 cm: mean + SE) and from 7.23 to 8.99 cm (8.08 + 0.43 cm: mean + SE), respectively. From these data I infer that the egg cowry matures at a shell length of approximately 7 cm.
DISCUSSION
Life history traits and environmental conditions
The size distribution suggested that smaller egg cowries (,1 cm) observed in May 2005 may have become grown to 5-6 cm by October 2005. If the small (1 cm) cowries maintained the same shell growth rate during May to October (27 weeks) as shown in Figure 4 (2.84 mm/week), they would reach maturation size (8.7 cm) in October. This is similar to trends observed in the size distributions (Fig. 3) . These smaller groups may have been born in the previous reproductive season and reached maturation size by the following October. This may indicate that maturity is reached in 1 year. The maturation age has been reported in many gastropods: 2.5-3.5 years for Drupella cornus (Black & Johnson, 1994) , 2.5-3.5 years for Nucella freycineti (Kawai, 2000) , and 2 and 2-3 years old for Megalovalvata and Choanomphalus (Ro¨pstorf & Sitnikova, 2006) . In comparison, egg cowries may mature relatively early. The average shell growth rate of juvenile Cypraea annulus was 1.0 + 0.3 mm/week in the field, although a maximum growth rate of 3.0 mm/week has been observed in an aquarium (Katoh, 1989) . Similarly, a juvenile C. spadicea was reported to grow at 3.3 mm/week in an aquarium (Darling, 1965) . The weekly growth rate of Ovula ovum is higher that that of other cowry species in the field, although it is similar to other cowries in an aquarium. These data indicate that O. ovum may increase fitness with rapid shell growth and early maturation age.
Several factors have been theorized to control population of the ovulid Cyphoma gibbosum: predation (Randall & Warmke, 1967; Shoup, 1968; Chiappone et al., 2003; Burkepile & Hay, 2007) , gorgonian prey preference (Birkeland & Gregory, 1975; Chiappone et al., 2003) , habitat type (Chiappone et al., 2003) , gorgonian structural defences (Lewis & Von Wallis, 1991; Van Alstyne & Paul, 1992) , and gorgonian chemical defences (Pawlik, Burch & Fenical, 1987; Van Alstyne & Paul, 1992) . Although mortality of O. ovum caused by a predator (or predators) was suggested by the observed shell fragments, predation pressure appears to be periodical and not high.
Observed seasonal life history traits were related to ocean temperature, with rapid shell growth in the warm period and high mortality and no reproductive activity in the cold period. The research area is located at the northern edge of the distribution of the species. Colder ocean temperatures are usually an important factor in life history traits at the northern or southern limits of the geographical distributions of marine animals (Gilman, 2006a, b) and may likewise be an important factor influencing egg cowry populations in these areas. However, the centre of the distribution of the egg cowry is in tropical areas (Abott & Dance, 1985) , and here the life history strategy may differ from that of populations in marginal regions.
The ovulids Cymbovula acicularis and juvenile Cyphoma gibbosum are most easily observed at night when foraging, while during the day they remain hidden in crevices or at the base of branches of gorgonaceans (Birkeland & Gregory, 1975) . This pattern of activity may be related to the thin shell of these gastropods, which could potentially expose them to predation risk during the day; adults of C. gibbosum have thicker shells and different feeding activities (Patton, 1972; Birkeland & Gregory, 1975) . Juvenile O. ovum are also thin-shelled, and were not frequently observed in daytime, but inhabited the space beneath soft corals (Fig. 1A) , whereas the thick-shelled adults were easily seen during daytime.
Defence systems against predators
Gastropods show many types of defence against predators, such as sulphuric acid in mucus (e.g. Thompson, 1976) , increasing shell strength (e.g. Lowell et al., 1994) and escape behaviour (e.g. Iwasaki, 1993) . Certain gastropods sequester the secondary metabolites of their prey, apparently for defensive purposes (Faulkner & Ghiselin, 1983) . The mantle of the ovulid C. gibbosum appears to be unpalatable for most predators, but the foot and viscera are not (Gerhart, 1986) . Cyphoma gibbosum feeds on gorgonaceans (Birkeland & Gregory, 1975; Chiappone et al., 2003) and may produce some compounds that are noxious or toxic. Although I did not observe many shell fragments of O. ovum believed to be the result of predation, partially broken shells of living cowries were sometime observed (Fig. 1D) , implying stronger interactions between cowries and predators.
The egg cowry feeds on alcyonaceans (Fabricius & Alderslade, 2001 ) and transforms their metabolites into less toxic compounds in the digestive diverticula (Coll et al., 1983) . Feeding activity of the egg cowry during the colder period was not high ( personal observation), suggesting that the cowry might not be able to produce secondary metabolites during this period. On the other hand, the egg cowries usually cover their shell with the mantle during warmer periods (Fig. 1C ) and there were no observations of broken shell fragments at this time, although butterflyfish were sometimes seen to contact the egg cowry with their mouths ( personal observation). It is possible that the uncovered shell of many O. ovum in colder periods may expose them to predation. To establish the details of the possible role of the mantle in the defence system of the egg cowry, further experimental and field observations are needed.
